In the present experiments, we have used an affinity-purified polyclonal antibody to laminin to determine the time course of expression of laminin in the central nervous system (CNS) of Rana temporaria tadpoles during normal development and during restoration of the dorsal columns of the spinal cord. Immunoblotting analysis indicated that in the peripheral nervous system (PNS) of adult frogs the antibody recognized proteins of molecular weights 350-400 and 205-220 kDa, corresponding to the A and B chains respectively of mammalian laminin. Immunohistochemistry with our antibody suggested that laminin was absent from the tadpole spinal cord, and did not appear even in the basal lamina of the blood vessels within the spinal cord until after metamorphosis. Furthermore, there was no evidence of laminin expression in the dorsal columns after hemisection of the spinal cord. However, throughout development laminin was present in basal lamina outside the CNS, in particular in the pial membranes, and in the basal lamina of blood vessels and sheath cells in the dorsal and ventral roots. Electron microscopy showed that the blood vessels of CNS capillaries had basal laminae throughout development that was morphologically indistinguishable from that seen in peripheral vessels.
INTRODUCTION
Axonal regeneration in the spinal cord of adult lower vertebrates, such as fish and amphibia, is often successful, in contrast to the situation in higher vertebrates, including mammals, where regeneration of the adult central nervous system does not usually occur (Puchala & Windle, 1977; Holder & Clarke, 1988) . The reason for the differences in regenerative ability between species is uncertain, but might be due to differences in the capacity of neurones to extend neurites, and also the ability of tissues through which the axon would have to grow to support regeneration. There is evidence in mammals that neurones of the central nervous system (CNS) are capable of extensive growth if given a suitable environment such as a graft of peripheral nerve (Richardson & Issa, 1984; So & Aguayo, 1985) . It is not known why grafts of peripheral nerves are able to support the growth of CNS axons, but one factor could be the presence of certain molecules in the extracellular matrix, such as laminin, which is known to be a particularly effective substrate for neurite outgrowth in vitro (Baron-Van Evercooren, Kleinman, Ohno, Marganos, Schwartz & Dubois-Dalcz, 1982; Davis, Manthorpe & Varon, 1985; Edgar, Timpl & Thoenen, 1988) . In the developing chick optic nerve there is a transient expression of punctate, non-basal lamina laminin (Cohen, Burne, McKinlay & Winter, 1987) , while in mammals, punctate laminin appears transiently in the ventral longitudinal pathway, optic nerves and hippocampus during development (Letourneau, Madsen, Palm & Furcht, 1988; McLoon, McLoon, Palm & Furcht, 1988; Gordon-Weeks, Giffin, St E. Weekes & Barben, 1989) . Punctate laminin is also found in regenerating optic nerves in fish and frogs (Hopkins, Ford-Holevinski, McCoy & Agranoff, 1985; Liesi, 1985) but not in the optic nerve of adult rodents, where regeneration fails to occur. In addition to the nervous system, laminin expression is widespread during embryonic development in other tissues and has been shown to be important in the development of epithelial cell polarity in the kidney (Klein, Langegger, Timpl & Ekblom, 1988; Ekblom, Klein, Mugrawer, Fecher, Deutzmann, Timpl & Ekblom, 1990 (Clarke, Tonge & Holder, 1986) . The developmental stages during which restoration of the dorsal columns is seen after hemisection of the spinal cord are temporally correlated with the addition of nerve cells to the dorsal root ganglia in normal animals. For instance, the number of lumbar dorsal root ganglion neurones continues to increase up to at least stage X in both Rana pipiens (Bidd, 1977) , and Rana temporaria (J. D. W. Clarke, unpublished observations).
In the present investigations we decided to study the distribution of laminin in the CNS of Rana temporaria both during development and after hemisection of the spinal cord, to see whether there was any correlation between laminin expression and axonal growth. In our experiments, we were unable to demonstrate laminin within the spinal cord of tadpoles either during development or after lesion. However, the antibodies used detected laminin in the basal laminae of blood vessels outside the CNS, in the pial membranes and in the basal laminae of blood vessels and sheath cells in the dorsal and ventral roots of these animals. In contrast, in adult frogs, laminin was present in the basal lamina of blood vessels within the spinal cord. These observations suggest that factors other than laminin must be involved in the control of axonal growth in the spinal cord of the frog. A preliminary report of some of these results has appeared in abstract form (Gordon-Weeks, Golding, Clarke & Tonge, 1990) .
METHODS

Operations
Rana temporaria tadpoles, collected from the University Field Station, were separated into batches of stages V-VII and X-XII (Taylor & Kollros, 1946) and anaesthetized in a solution of 3-aminobenzoic acid ethyl ester. After removal from the anaesthetic solution, the lumbar spinal cord was exposed by dorsal laminectomy and hemisected with a micropin at approximately the level of root 5. In some animals, the spinal cord was exposed as described but not lesioned (sham-operated controls). After the operations, the wound was covered with a flap of skin and the tadpoles returned to a tank of clean water.
Following recovery from anaesthesia, animals were fed with a mixture of rabbit chow, gelatine and agar. After Ledbetter, Kleinman, Hassell & Martin (1984) , after they had been stripped of spinal roots and meninges. The final 30 % ammonium sulphate precipitate was resuspended directly in sodium dodecyl sulphate (SDS) dissociation solution (4 M urea, 5 % 2-mercaptoethanol, 1% SDS, 0-1% Nonidet P-40, 0-05 % Bromophenol Blue, 5 mm phenylmethyl-sulphonyl fluoride, 1 mm leupeptin, 1 mM pepstatin). Frog sciatic nerves were also taken and homogenized directly in SDS dissociation solution. Electrophoresis was carried out on 7 5 and 10% SDS mini-gels (Mini-Protean II system, Bio-Rad) according to the method of Laemmli (1970) ; with the modification that the pH of the resolving gel was increased to 9 1. Proteins on the gel were electroblotted onto nitrocellulose membrane (0-2 ,um pore size, Bio-Rad) by a combination of the methods of Khyse-Andersen (1984) and Svoboda, Meuris, Robyn & Christophe (1985) , in which only the anodic buffer of the semi-dry transfer 'sandwich' contained 20 % methanol, while the cathodic buffer contained 0 4 M c-amino Ncaproic acid. Electrotransfer was conducted at 50 mA (12 V/cm) overnight.
Immunostaining of blots
The electroblotted nitrocellulose membranes were washed in two changes of PBS and were then blocked overnight in 0-1 % Tween 20, 5 % normal goat serum, 2-5 % polyvinylpyrrolidone 10, 2 5% polyvinylpyrrolidone 40 in 10 mm TBS pH 74. Membranes were then incubated in affinity-purified laminin antiserum (Gordon-Weeks et al. 1989) at 1: 100 in 0 1 % Tween 20, 5% normal goat serum in 10 mm TBS for 3 h at room temperature. Following washing, membranes were incubated in HRPconjugated swine anti-rabbit Ig (Dakopatts, High Wycombe; 1:2000 in incubation buffer) for 2 h prior to a final series of washes. Protein bands recognized by the antiserum were visualized either by incubation in 01 mg/ml DAB in TBS containing 00075 % H202 or by the enhanced chemiluminescence method (Amersham, Aylesbury) according to the manufacturer's instructions, with the immunoblot exposed to 'Hyperfilm-ECL' (Amersham) for 5 min. For controls, 40,ag of EHS laminin (Gibco) was mixed with 10 ml of 1:100 laminin antiserum for 2 h at room temperature. This was then centrifuged at 15 000 gmax for 5 min and the supernatant was used as the primary antiserum.
Electrophysiology
Restoration All chemicals and antisera used in these experiments were purchased from Sigma (Poole) unless otherwise stated and were of analytical or electrophoretic grade, as appropriate.
RESULTS
Development of laminin expression in frog spinal cord
In sections of tadpole spinal cord, our affinity-purified laminin antibody (Gordon-Weeks et al. 1989) strongly stained the dorsal and ventral roots and the pial membranes (Fig.1 A) . On high power examination, the dorsal and ventral root staining appeared streaked (Fig.  1 B) , and presumably corresponded to the basal lamina tubes of the Schwann cells and blood vessels. In the pia, the staining was associated with the pial blood vessels (Fig. 1 A) and probably with the basal lamina of the glia limitans ( Fig. 1 A, small arrows) , although immunoelectron microscopy will be necessary to substantiate this.
At the dorsal root entry zone, the antibody staining showed a well defined boundary and no staining was seen within the spinal cord itself at any of the embryonic stages examined (II-XXI). In adult frog (> 1 year), in contrast to tadpoles, our laminin antibody stained the basal lamina of blood vessels within the spinal cord as well as the pial membranes and dorsal and ventral roots ( Fig. 2A and B) . We observed a similar developmental staining pattern using a commercially available anti-laminin antiserum (Gibco, results not shown), and with immunofluorescence which utilized a different fixation schedule from that used for the peroxidase method ( Fig.SB and C) . Furthermore, both antibodies showed intense staining around muscle fibres, the notocord and in peripheral nerves (Fig.5 B and C) , which is consistent with known sites of laminin expression in mammals (e.g. Hunter, Shah, Merlie & Sanes, 1989) . To test for possible 'masking' of antigenic sites we proteolytically digested sections before immunostaining. Incubation of sections in either hyaluronidase or collagenase before immunostaining did not affect the staining pattern as described above (not shown). All controls were negative (Fig. 2C) . These observations suggest that laminin is absent from the basal lamina of blood vessels in the developing frog spinal cord. To investigate the possibility that this is due to an absence of basal lamina in CNS blood vessels during development, we examined the spinal cord of tadpoles in the electron microscope after tannic acid staining to enhance basal lamina contrast. We found that the CNS blood vessels possess a basal lamina which is morphologically indistinguishable from that of blood vessels in the pial membranes (Fig. 3) .
Laminin antibodies recognize 350 400 and 205 220 kDa proteins in frog peripheral nervous system
Our laminin antiserum recognized 350-400 and 205 220 kDa proteins in immunoblots of adult frog peripheral nervous system (PNS) tissue (Fig. 4) . Similar molecular weight proteins were also recognized by a commercially available laminin antibody (Gibco). These proteins closely migrated with the 440 and 220 kDa A and B chains of ERS laminin used (Fig. 4) .
Effects of hemisection
We hemisected frog spinal cords at stages V-VII when growth of axons within the dorsal columns occurs, and at stages X-XII when this growth does not occur (Clarke et al. 1986 ). In order to determine whether restoration of the dorsal columns had occurred, action potentials were recorded from the lumbar dorsal roots in response to stimulation of the dorsal columns rostral to the level of hemisection. In all seven tadpoles which had been operated on at stages V to VII, restoration of the dorsal columns had occurred after four weeks (data not shown). In contrast, restoration had occurred in only three out of seven tadpoles which had been operated on at stages X to XII (data not shown). In a separate series of animals operated on at corresponding stages and studied after survival times of 4-14 days, when we have previously shown that axon growth in the frog spinal cord is well under way (Holder, Clarke & Tonge, 1987) , we observed no evidence of laminin expression either at the site of hemisection or rostrally in the dorsal columns where the axons would be expected to grow (Fig. 5) (Hunter et al. 1989 ). Laminin expression during development Laminin has been shown to be expressed transiently during the development of some fibre tracts in the CNS in a punctate, non-basal lamina form (Cohen et (Hopkins et al. 1985; Liesi, 1985) . Since laminin is known to be a most effective substrate for supporting neurite outgrowth in vitro (see review by Lander, 1987) and axonal growth cones possess membrane receptors which bind laminin (Horwitz, Duggan, Greggs, Deker & Buck, 1985;  Kleinman, Ogle, Cannon, Little, Sweeney & Luckenbill-Edds, 1988; Tomaselli, Neugebauer, Bixby, Lilien & Reichardt, 1988) it is possible that laminin expression may play a role in supporting axonal growth during development in the CNS. However, Sosale, immunologically distinguishable from that in the PNS. In mammals, homologues of both the A chain (merosin) and B chain (s-laminin) are found to be associated with the nervous system (Hunter et al. 1989; Ehrig, Leivo, Argiaves, Ruoslahti & Engvall, 1990; Sanes, Engvall, Butkowski & Hunter, 1990) and it is not known whether they are recognized by the antibodies used in the present study. In either case, it seems clear that laminin is strongly developmentally regulated in the frog CNS. In other studies using antibodies also raised against mouse EHS laminin, conflicting observations have been made on the time course of laminin expression in basal lamina during the vascularization of neuroepithelium. In the developing mouse CNS, Herken, Gotz & Thies (1990) found laminin associated with the earliest stages of angiogenesis whereas in the chick, Risau & Lemmon (1988) found that there was a delay in laminin expression in developing vessels.
Laminin expression following spinal cord hemisection
In a previous study (Clarke et al. 1986 ) it was shown that axons within the dorsal columns of the frog spinal cord readily grow after complete transection of the spinal cord at or before developmental stage VII. In the present study, we have confirmed the stage dependency of dorsal column restoration by using hemisected, rather than totally transected cords, where healing is more rapid and the bridge of tissue more extensive. Under these conditions we did not observe expression of laminin in the dorsal columns following either early (stage V-VII) or late (stage X-XII) hemisection of the spinal cord, suggesting that the restoration of axonal tracts within the spinal cord of tadpoles depends on the expression of factors other than laminin. These findings are also consistent with experiments in mammals. It is known that axons of the corticospinal tract (CST) in neonatal rodents can grow around lesions of the spinal cord (e.g. Schreyer & Jones, 1983) . However, Sosale et al. (1988) showed that similar lesions of the spinal cord in neonatal rats did not lead to the expression of laminin in adjacent tracts of the spinal cord, where aberrant growth of the CST axons would have been expected to occur. Furthermore, the results of experiments by David (1988) indicate that laminin is probably not responsible for the neurite outgrowth from mammalian CNS neurones on astrocytes in vitro. In contrast to the mammalian nervous system, where laminin expression occurs at the site of lesions (Sosale et al. 1988) , we observed no deposition of laminin at the site of spinal cord lesions in tadpoles. The difference may be explained by the fact that penetrating lesions of the spinal cord in tadpoles seem to heal over completely, without the formation of scar tissue observed in mammals.
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